INTRODUCTION
Glycogen storage disease type II, also called Pompe disease (Online Mendelian Inheritance in Man #232300), is an autosomal recessive disorder caused by mutations in the gene encoding the lysosomal enzyme acid a-glucosidase (GAA), which catalyzes the degradation of glycogen. The resulting enzyme deficiency leads to pathological accumulation of glycogen and lysosomal alterations in all tissues of the body, resulting in cardiac, respiratory, and skeletal muscle dysfunction (1) . Enzyme replacement therapy with recombinant human GAA (rhGAA) improves survival of patients with the severe infantile form of Pompe disease (2) and stabilizes disease in patients with a late-onset form of the disorder (3, 4) . When the enzyme is infused into the circulation, it is taken up by tissues through binding to the cation-independent mannose-6-phosphate receptor on the cell surface (1) . However, although a lifesaving therapy for some patients, enzyme replacement therapy has several limitations, leading to treatment failures and limited long-term efficacy. Specifically, the low uptake of the enzyme in skeletal muscle (5) and the inability of rhGAA to cross the blood-brain barrier (BBB) (6) , together with the progressive impairment of autophagy (7), limit the ability of enzyme replacement therapy to fully ameliorate the symptoms of Pompe disease. In addition, rhGAA can also induce immune responses, potentially resulting in acute infusion reactions (4) and development of anti-GAA antibodies (8, 9) . This is common in patients with the infantile form of the disease, who frequently develop high-titer antibodies to rhGAA, leading to a poor prognosis (8, 9) . In addition, because of the short halflife of rhGAA in tissues, patients are required to undergo frequent, inconvenient, and costly infusions (10) .
Gene therapy may be a promising alternative approach to treat Pompe disease. Among gene delivery vectors, clinical experience with adenoassociated virus (AAV) vectors for diseases like hemophilia (11) and congenital blindness (12) has established this system as safe and effective for in vivo gene transfer (13) . AAV-based gene therapy has been proposed for expressing the therapeutic GAA gene in Pompe disease muscle, the most affected tissue, taking advantage of serotypes endowed with muscle tropism such as AAV9 (14) (15) (16) , AAV6 (17) , and AAV1 (18, 19) . A clinical trial of GAA gene transfer using AAV1 injected into the diaphragm of patients with Pompe disease has recently been completed (20, 21) . The study demonstrated the safety of the approach, although the local delivery limited efficacy to the treated diaphragm muscle (20, 21) . Another clinical trial is planned (ClinicalTrials.gov ID: NCT02240407) in which an AAV9 vector, carrying the GAA transgene, will be injected intramuscularly in the tibialis anterior of Pompe patients under immunosuppressive regimen (22) . Preclinical studies suggest that localized expression of the GAA transgene in muscle is associated with incomplete correction of Pompe disease and an enhanced immune response to the GAA protein (15, 23) . Therapeutic gene transfer using liver-directed AAV vectors is a potential strategy to achieve correction of Pompe disease across the entire body, based on the ability of hepatocytes to efficiently secrete proteins into the bloodstream. Liver has been successfully targeted using AAV vectors in a variety of preclinical and clinical studies such as those aimed at treating hemophilia B (13) . Furthermore, hepatic expression of transgenes, including GAA, has been shown to induce antigen-specific immunological tolerance (16, 24, 25) .
Liver expression of GAA in a mouse model of Pompe disease resulted in increased enzymatic activity in peripheral tissues (25) (26) (27) . However, complete correction of glycogen accumulation in tissues difficult to target, such as various skeletal muscles, has not been achieved (28, 29) . The use of a chimeric GAA transgene containing a heterologous signal peptide from a-1 antitrypsin has been reported to provide better correction of glycogen accumulation in a mouse model of Pompe disease (29) . Although these results are promising, high vector doses required to achieve therapeutic efficacy potentially pose a challenge for clinical translation, because they might induce capsid-dependent immunotoxicity (30) .
Here, using bioinformatics prediction and protein engineering, we generated a series of GAA transgenes and delivered them to mice with Pompe disease using AAV8 vectors, a highly efficient serotype for liver gene transfer (11, 31) . Expression of these transgenes resulted in secretion of GAA, high and sustained GAA activity in plasma, enzyme uptake by peripheral tissues, and low immunogenicity in mice. Delivery to nonhuman primates (NHPs) confirmed both safe and efficient secretion of GAA by the liver and uptake of secreted GAA by peripheral tissues.
RESULTS
Genetic modification of human GAA increases enzyme secretion and uptake compared to wild-type GAA in Pompe disease model GAA is a lysosomal enzyme not efficiently secreted by cells (32) . To enhance therapeutic efficacy of GAA gene transfer, we first developed a codon-optimized version of the human GAA complementary DNA (83% nucleotide identity compared to wild-type coding sequence) ( fig. S1A ). Then, in silico analysis of the GAA sequence using the SignalP 4.0 Server (33) predicted that a deletion of at least eight amino acids in the N terminus of the propeptide region of the enzyme would enhance its secretion score (D-score; fig. S1B ). On the basis of the in silico prediction, an initial set of wild-type or codon-optimized, deleted (D8) GAA constructs was cloned ( fig. S1A ). In addition, the natural secretion signal peptide of the GAA protein was replaced by that of the human a-1 antitrypsin enzyme, a highly secreted protein (sp2; fig. S1 , A and C) (29) . The GAA transgenes were cloned in a hepatocyte-specific expression cassette (34) and transiently transfected into the human hepatoma cell line HuH7 (fig. S1, A and C). The codon-optimized, deleted GAA construct sp2-D8-co displayed a significant increase in secretion by HuH7 cells compared to both wild-type (**P < 0.01) and codon-optimized (*P < 0.05) GAA transgenes (Fig. 1A) .
Then, on the basis of the codon-optimized GAA sequence, we generated five additional deleted GAA versions carrying signal peptides that were either synthetic (35) or from proteins physiologically secreted from the liver (sp3-8; fig. S1C ) and tested them in vitro by transient transfection of HuH7 cells (Fig. 1B) . This screening allowed us to identify two additional engineered GAA constructs, sp7-D8-co and sp8-D8-co, which provided significantly higher GAA activity in cell culture media when compared to both codon-optimized and wild-type GAA control transgenes (***P < 0.001; Fig. 1B ). Western blot analysis of conditioned media showed a 110-kDa band corresponding to the secreted GAA precursor ( fig. S2A ). Higher amounts of secreted GAA protein were achieved using sp2-D8-co, sp7-D8-co, and sp8-D8-co constructs compared to the wild-type and codon-optimized GAA control constructs ( fig. S2A ), reflecting GAA activity data (Fig. 1B) . As predicted by in silico analysis, a deletion up to 42 amino acids ( fig. S1B ) resulted in GAA secretion similar to that of the 8-amino acid deleted GAA with no loss of enzyme activity ( fig. S2B ). Higher secretion of both deleted GAA versions was observed when compared to the nonengineered proteins [***P < 0.001 (sp7-D8-co), **P < 0.01 (sp7-D42-co), compared to wt and co] ( fig. S2B) .
To assess the therapeutic efficacy of the codon-optimized, deleted GAA transgenes with the sp7 signal peptide (sp7-D8-co and sp7-D42-co), we performed in vivo gene transfer in Gaa knockout (Gaa −/− ) mice, a (A and B) Acid a-glucosidase (GAA) activity in conditioned media of HuH7 cells; enhanced green fluorescent protein (eGFP), negative control. Data are means ± SD of three independent experiments. wt, wild-type human GAA transgene; co, codonoptimized human GAA transgene; sp, signal peptide; D, deleted human GAA. (C to E) In vivo testing of adeno-associated virus (AAV) vectors expressing secretable GAA. Four-month-old mice were treated with phosphate-buffered saline (PBS) or with 2 × 10 12 vector genomes (vg)/kg of different AAV8 vectors and followed for 3 months.
GAA transgenes were under the control of the hAAT promoter; Gaa +/+ -PBS (n = 2), wildtype littermates; Gaa −/− -PBS (n = 3), untreated control; sp7-co (n = 4); sp7-D8-co (n = 4); and sp7-D42-co (n = 4). (C) Western blot analysis of plasma from treated mice, 3 months after treatment. The band detected at~50 kDa in both PBS-and vector-treated Gaa −/− mice is nonspecific. Recombinant human GAA (rhGAA) was used as standard. MW, molecular weight marker. (D) GAA activity in plasma at different times after injection and (E) heart. Statistical analysis: one-way analysis of variance (ANOVA) with Tukey's post hoc (A, B, and E) or two-way ANOVA (treatment, time) with Dunnett's post hoc (D). Error bars represent SD of the mean. In (B), † † † P < 0.001 compared to sp2-D8-coGAA, sp7-D8-coGAA, and sp8-D8-coGAA.
model of Pompe disease. The codon-optimized, nondeleted GAA transgene with the sp7 signal peptide (sp7-co) was used as control. We treated Gaa −/− mice by intravenous injection of 2 × 10 12 vector genomes (vg)/kg of an AAV8 vector encoding for the different GAA versions (Fig. 1, C to E, and fig. S2 , C to G). Western blot analysis of mouse plasma 3 months after treatment showed that all the GAA protein versions were correctly secreted into the circulation (Fig. 1C) , and as expected, the size of the secreted GAA precursor was smaller for the deleted sp7-D42-co compared to sp7-co ( fig. S2C ). Three months after treatment, corresponding to the plateau of GAA expression, only the sp7-D8-co provided significantly higher circulating amounts of GAA compared to the control [*P < 0.05, sp7-co, two-way analysis of variance (ANOVA) time per treatment] (Fig. 1D ). This resulted in significantly higher GAA activity in the heart (*P < 0.05 compared to sp7-co; Fig. 1E ) and quadriceps (*P < 0.05 compared to sp7-co; fig. S2D ), but not in diaphragm and triceps ( fig. S2D ). Plasma GAA activity (Fig. 1D ) normalized for the amount of GAA protein detected by Western blot (Fig. 1C) was similar for all transgenes ( fig. S2E ). In the liver of treated animals, GAA activity ( fig. S2F ) and vector genome copies ( fig. S2G ) were not significantly different. These results indicate that the deleted secretable GAA transgene provided higher circulating GAA and GAA uptake in the heart and quadriceps in Gaa −/− mice compared to the nondeleted GAA transgene.
AAV-mediated gene transfer of an engineered GAA transgene to mouse liver provides clearance of accumulated glycogen in muscle On the basis of the results from the initial screening, we assessed the efficacy of gene transfer in vivo in Gaa −/− mice with the two best candidates (codon-optimized, deleted GAA with heterologous signal peptides: sp2-D8-co and sp7-D8-co). The codon-optimized, nondeleted GAA transgene with the natural signal peptide, encoding for the native GAA protein (abbreviated as co in the figures), was used as control in all experiments.
To this aim, we generated AAV8 vectors encoding the selected GAA constructs under the control of a hepatocyte-specific promoter (hAAT) (34), AAV8-hAAT-coGAA, AAV8-hAAT-sp2-D8-coGAA, and AAV8-hAAT-sp7-D8-coGAA ( Fig. 2 and fig. S1C ). In all in vivo studies, male Gaa −/− mice or wild-type littermates (Gaa +/+ ) were used. Three independent studies were conducted in which mice were treated at 4 months of age and followed thereafter for 3 or 10 months: 
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(i) a 3-month study treating mice with a low vector dose (5 × 10 11 vg/kg), (ii) a 3-month study treating mice with a high vector dose (2 × 10 12 vg/kg), and (iii) a 10-month study treating mice with a high vector dose (2 ×  10 12 vg/kg). Circulating GAA activity was measured 1, 3, and 10 months after treatment ( fig. S3A ). Plateau activity was reached within 3 months of vector delivery and remained stable for the duration of the observation period ( fig. S3A ). Circulating GAA activity in plasma was higher in Gaa −/− mice treated with AAV vectors expressing the secretable sp-D8-coGAA than in mice treated with the AAV expressing the native GAA at a vector dose of 2 × 10 12 vg/kg ( Fig. 2A, fig. S3A , and tables S2 and S3). At 5 × 10 11 vg/kg, because of the low intrinsic sensitivity of the assay, circulating GAA activity in AAV-treated mice was not changed when compared to mice treated with vehicle ( Fig. 2A and table S1 ). Western blot analysis of mouse plasma showed dose-and transgene-dependent secretion of GAA in plasma, which was significantly higher in animals treated with the secretable version of GAA compared to the native GAA (co: 5 × 10 11 vg/kg compared to 2 × 10 12 vg/kg, P = 0.001; sp7-D8-co: 5 × 10 11 vg/kg compared to 2 × 10 12 vg/kg, P = 0.004; co 2 × 10 12 vg/kg compared to sp7-D8-co 2 × 10 12 vg/kg, P = 0.005; fig. S3 , B and C). The differences in enzyme activity between vectors expressing engineered sp-D8-coGAA and native GAA were significant in plasma (***P < 0.001, co compared to sp2-D8-co, and ****P < 0.0001, co compared to sp7-D8-co, 10 months after treatment; Fig. 2A and fig. S3A ) but not in liver ( fig. S3D ), where the GAA transgenes were equally expressed by all vectors. Similar efficiency of liver transduction was found across treatment groups by measuring vector genome copy numbers in the liver ( fig. S3E ). At sacrifice, 3 and 10 months after gene transfer, GAA activity was increased in heart, diaphragm, quadriceps, and triceps of Gaa −/− mice treated with the AAV8-GAA vectors, compared to vehicletreated Gaa −/− mice, indicating uptake of GAA protein from the circulation ( Fig. 2B and tables S1 to S3). GAA activity in mice treated with AAV vectors encoding secretable GAA transgenes at a dose of 2 × 10 12 vg/kg was also significantly higher than the endogenous activity measured in Gaa +/+ control littermates in several tissues, such as heart (*P < 0.05 at 3 and 10 months), diaphragm (*P < 0.05 at 10 months), quadriceps (*P < 0.05 at 3 months), and triceps (**P < 0.01 at 3 months) ( Fig. 2B and tables S2 and S3). These results evidence supraphysiological uptake of GAA in several tissues, resulting from high secretion of engineered GAA from the liver. As previously reported (27, 29, 36) , the GAA activity we achieved after gene therapy was higher in heart and diaphragm compared to quadriceps and triceps, reflecting the variable efficiency of GAA uptake from the circulation in these muscle groups (Fig. 2B) .
GAA activity in tissues reflected a reduction in glycogen accumulation (Fig. 2C ). Three months after gene transfer, a vector dose-dependent correction of glycogen accumulation was observed in diaphragm, quadriceps, and triceps muscle, with a lower glycogen accumulation observed at a vector dose of 2 × 10 12 vg/kg compared to a vector dose of 5 × 10 11 vg/kg (P < 0.0001, two-way ANOVA dose per treatment, dose). At a vector dose of 2 × 10 12 vg/kg, treatment with vectors encoding all GAA transgenes resulted in robust glycogen reduction in cardiac and skeletal muscles ( Fig. 2C) . At a vector dose of 5 × 10 11 vg/kg, significant differences in glycogen clearance between native and secretable GAA were found in the heart (**P < 0.01, co compared to sp-D8-co; Fig. 2C ). In addition, partial but significant glycogen reduction was observed in triceps isolated from Gaa −/− mice treated with the AAV expressing the sp7-D8-coGAA transgene (*P < 0.05, vehicle-treated compared to sp7-D8-co Gaa −/− ; Fig. 2C ). These findings support the hypothesis that the secretable GAA proteins have higher therapeutic efficacy than the native nonengineered GAA.
Treatment of Gaa
−/− animals at a vector dose of 2 × 10 12 vg/kg highlighted a time-dependent correction of the Pompe disease phenotype, with more efficient clearance of glycogen in triceps 10 months compared to 3 months after gene delivery (***P < 0.001, two-way ANOVA time per treatment; Fig. 2C and tables S2 and S3). Ten months after gene transfer to the liver, reduction in glycogen accumulation was observed in all muscle tissues, including quadriceps and triceps (****P < 0.0001, vehicle compared to AAV-treated Gaa −/− mice; Fig. 2C and table S3 ).
AAV-mediated gene transfer of secretable GAA to mouse liver preserves muscle structure and normalizes autophagy Because we observed clearance of glycogen from muscle of Gaa −/− mice 10 months after gene delivery, we asked whether this was accompanied by normalization of histological phenotype. Hematoxylin and eosin staining of muscle confirmed no evident morphological abnormalities in muscle fibers of AAV-treated Gaa −/− mice, which resembled those of Gaa +/+ control mice (Fig. 3A and fig. S4 ). This was accompanied by loss of periodic acid-Schiff staining for glycogen (Fig. 3A and  fig. S4 ), which reflected the quantitative reduction in glycogen content measured by biochemical assays (Fig. 2C) . In Gaa −/− mice, the pathological glycogen accumulation in lysosomes results in the dysfunction of the endolysosomal compartment (7), buildup of autophagy substrates (37) , and impaired trafficking of the precursor GAA to lysosomes, where it is processed to a lower molecular weight mature form. By Western blot analysis, we detected both the precursor GAA (110 kDa) and the mature lysosomal GAA (70 to 75 kDa) forms in muscle of animals treated with AAV liver gene transfer (Fig. 3B and fig. S5, A and B) , suggesting a normal lysosomal trafficking upon internalization of GAA from the circulation. Notably, the amount of lysosomal GAA protein was significantly higher in triceps muscle of Gaa −/− mice treated with the sp7-D8-co vector than with the control vector encoding for native GAA (***P < 0.001, lysosomal GAA; Fig. 3 , B and C). Next, we evaluated autophagy impairment by measuring the amount of the p62 protein, a recognized marker of autophagy substrate buildup in Pompe disease (37, 38) . Western blot analysis was used to measure the accumulation of p62 in triceps and quadriceps muscle of AAV-treated Gaa −/− mice together with vehicletreated Gaa −/− mice and Gaa +/+ control littermates ( AAV-mediated transfer of secretable GAA to mouse liver improves pathology in mouse brain and spinal cord We next investigated whether engineered secretable GAA proteins expressed by liver gene transfer could be taken up by cells in the central nervous system, leading to the correction of the disease phenotype (39, 40) . Codon-optimized, nondeleted GAA transgene encoding for the native GAA with the native signal peptide was used as control. Ten months after AAV treatment at a high vector dose (2 × 10 12 vg/kg), Western blot analyses of whole mouse brain (Fig. 4A and fig. S6A ) and spinal cord (Fig. 4B) lysates showed the presence of the 70-to 75-kDa mature lysosomal GAA. At a low vector dose of 5 × 10 11 vg/kg, lysosomal GAA was detected in the brains of all mice treated with the secretable GAA, but only in two of five brains of mice treated with the native GAA ( fig.  S6 , B and C). Similar GAA activity was measured in brain across treatment groups at high and low vector doses, possibly reflecting the low intrinsic sensitivity of the assay (tables S1 to S3). At a high vector dose (2 × 10 12 vg/kg), a significant reduction of glycogen was measured in the brains of Gaa −/− mice treated with secretable GAA compared to Gaa −/− mice treated with vehicle (***P < 0.001, Gaa
-vehicle compared to sp2-D8-co; ****P < 0.0001 Gaa −/− -vehicle compared to sp7-D8-co; Fig.  4C ). As for muscle (Fig. 2C) , glycogen clearance in brain improved from 3 to 10 months after gene delivery (****P < 0.0001, two-way ANOVA time per treatment; Fig. 4C ). There was no significant correction of glycogen in the brains of mice at 3 and 10 months after treatment with the vector encoding for the native GAA protein compared to vehicle-treated mice (P = 0.20, Gaa −/− -vehicle compared to co, 10 months after gene delivery; Fig. 4C ), although GAA protein was detected in brain ( Fig. 4A and tables S2 and S3).
Immunofluorescence analysis of the cervical, thoracic, and lumbar regions of the mouse spinal cord showed increased motor neuron survival in AAV-treated Gaa −/− mice compared to vehicle-treated Gaa −/− mice (*P < 0.05), revealed by staining with choline acetyltransferase (Fig. 4 , D and E) and reduced numbers of cells positive for Iba1 (ionized calcium binding adaptor molecule 1), a marker of macrophages and microglia, in AAV-treated Gaa −/− mice compared to vehicle-treated Gaa −/− mice (***P < 0.001) (Fig. 4, F and G) . Astrogliosis, measured by quantification of GFAP (glial fibrillary acidic protein) staining in the spinal cord gray matter, was normalized by treatment with the secretable GAA transgene product when compared to Gaa +/+ control mice (Fig. 4, H and I ).
Secretable GAA is less immunogenic than native GAA rhGAA is known to induce neutralizing humoral immune responses in patients with Pompe disease undergoing enzyme replacement therapy (8, 9) . We therefore measured anti-human GAA immunoglobulin G (IgG) in the plasma of Gaa −/− mice treated with the AAV vector (either 5 × 10 11 or 2 × 10 12 vg/kg) expressing secretable GAA. These mice did notdevelopanti-GAAIgG1month after gene delivery, whereas mice treated with the vectors encoding for the native GAA protein did (anti-GAA IgGs were up to 22 and 6 mg/ml for the low and high vector dose groups, respectively; 5 × 10 11 vg/kg: native GAA, co, compared to sp2-D8-co, P = 0.004; native GAA, co, compared to sp7-D8-co, P = 0.006; Fig. 5A ). Timecourse evaluation of antibody responses to the GAA transgene product in the high vector dose (2 × 10 12 vg/kg) group indicated a transient humoral immune response to native GAA that disappeared 3 months after liver gene transfer (Fig. 5B ). Higher immunogenicity of native GAA compared to secretable GAA was observed 1 month after injection but not at later time points (P = 0.035, native GAA, co, compared to sp2-D8-co; P = 0.022, native GAA, co, compared to sp7-D8-co; Fig. 5B ). To further investigate the immunogenicity of secretable GAA compared to the native GAA, we expressed the native and secretable GAA transgenes under the control of a musclespecific promoter (SPc5-12) (41). One month after AAV gene delivery (2 × 10 12 vg/kg), mice treated with the vectors encoding for the native GAA protein developed anti-GAA IgG (three of four mice; average IgG, 12 mg/ml), whereas mice treated with the vectors encoding for secretable GAA protein developed low anti-GAA IgG (two of five mice; average IgG, 2.4 mg/ml; fig. S7 ); however, these differences were not statistically significant due to variability of the response.
To investigate the potential immunogenicity of the secretable GAA transgene product in humans, bioinformatics analysis was performed to identify potential class II major histocompatibility complex (MHC II) epitopes in the GAA protein. Analysis of the Immune Epitope Database (www.iedb.org) identified the epitope LHDFLLVPRELSGSS as the best predicted binder to the human leukocyte antigen (HLA) allele DRB1 and particularly for haplotypes DRB1*03:01, DRB1*04:03, DRB1*07:01, DRB1*11:01, and DRB1*15:01, which are found on 50% of the human population (42) . This epitope, located at amino acid 32 of the GAA sequence, is not present in the secretable GAA protein.
Secretable GAA ameliorates the disease phenotype and improves long-term survival in a Pompe disease mouse model AAV-mediated transfer of the GAA transgene to mouse liver improved the survival of Gaa −/− mice, regardless of the GAA transgene version expressed (Fig. 6A) . AAV-treated Gaa −/− mice displayed normal weight gain over time ( fig. S8 ). Cardiac hypertrophy was present in all Gaa −/− animals at the time of vector infusion ( fig. S9A ) but was rescued in animals receiving vectors encoding for native or secretable GAA proteins (Fig. 6B) . AAV vector-mediated gene delivery to liver also resulted in long-term preservation of muscle strength in Gaa −/− mice as revealed by the wire hang test, whereas vehicle-treated Gaa −/− mice showed a progressive deterioration from baseline to month 10 after treatment (Fig. 6C and figs. S9B and S10A). Gene transfer also rescued impairment in the grip test in Gaa −/− mice ( Fig. 6D and figs. S9C and S10B). Improvements in wire hang performance were observed in mice treated with vectors encoding for both native and secretable GAA (Fig. 6C) , whereas in the grip test, only animals treated with secretable GAA showed rescue compared to Gaa −/− mice treated with vehicle (Gaa
-vehicle compared to sp2-D8-co, P = 0.009; Gaa −/− -vehicle compared to sp7-D8-co, P = 0.005; Fig. 6D ). No significant differences were seen in the rotarod test in our Gaa −/− model of Pompe disease (figs. S9D and S10C). Respiratory function in Gaa −/− mice is known to be impaired (39) . Because of the low survival of vehicle-treated Gaa −/− mice (3 of 10; Fig.  6A ) and the likely selection of animals with a slightly milder phenotype, the 10-month measurement of tidal volume by plethysmography of long-lived vehicle-treated Gaa −/− mice did not differ significantly from Gaa +/+ control mice (P = 0.38; Fig. 6E ). Despite this, treatment of Gaa −/− mice with the vectors encoding for secretable sp7-D8-coGAA led to higher ventilation compared to those treated with vectors encoding for native GAA (*P < 0.05; Fig. 6E and table S4 ).
Gene delivery of AAV8-sp7-D8-coGAA leads to increased GAA activity in plasma and tissues of NHPs We treated three healthy NHP (Macaca fascicularis) with AAV8 vectors encoding the sp7-D8-coGAA transgene at a vector dose of 2 × 10 12 vg/kg (Fig. 7) . Secretion of the engineered GAA protein from the liver into the circulation was confirmed by Western blot analysis (Fig. 7A) , which showed the GAA transgene product in plasma collected at 30 and 90 days after AAV injection. In the treated animals, circulating GAA activity was increased by about three-to sixfold above the baseline measured in a control NHP cohort (**P < 0.01) and remained stable until the end of the study (90 days after treatment; Fig. 7B ). Circulating GAA (Fig. 7, A and B) was consistent with the efficiency of liver transduction as assessed by vector genome copy number ( fig. S11 ). Given that wild-type NHPs physiologically express GAA in all tissues, we used six control animals injected with an unrelated AAV vector as a reference for endogenous GAA activity in the tissues (Fig. 7C) . At 3 months after treatment, in animals injected with AAV8-sp7-D8-coGAA (AAV-GAA), enzyme activity was increased compared to control animals in heart (***P < 0.001), diaphragm (*P < 0.05), and triceps (*P < 0.05) (Fig. 7C ). These results demonstrate that the engineered sp7-D8-coGAA transgene was expressed in the liver of an NHP large-animal model and that the protein product was secreted into the circulation and taken up by peripheral tissues.
Delivery of sp7-D8-coGAA to liver induces long-lasting GAA activity in a mouse model of Pompe disease Pompe disease is currently managed by infusions of rhGAA protein at 20 to 40 mg/kg every other week (5) . Upon infusion, the recombinant enzyme is rapidly cleared from the circulation and is mostly taken up by the liver and heart and less efficiently by other tissues (1). To evaluate whether stable plasma GAA activity provided by AAV vectormediated gene transfer to liver resulted in accumulation of GAA in muscle of Gaa −/− mice, we correlated GAA activity in plasma with that measured in heart, diaphragm, quadriceps, and triceps muscles (Fig. 8A and tables S1 and S2). Linear regression revealed a correlation (r 2 > 0.7 in all muscle groups) between plasma and tissue GAA activity and confirmed that GAA was preferentially taken up by heart, followed by diaphragm and skeletal muscle, as indicated by the slope of the regression curves (Fig. 8A) .
Next, we compared GAA activity obtained after rhGAA enzyme replacement therapy in Gaa −/− mice with that measured after AAV gene therapy in Gaa −/− mice and NHPs. Gaa −/− mice received a high vector dose of rhGAA (100 mg/kg, two infusions total, given every other week) corresponding to 2.5-to 5-fold the rhGAA used in enzyme replacement therapy in human patients (5) . We then sacrificed the rhGAA-treated mice at defined time points after the last infusion, and tissues were collected for GAA activity measurements in heart (Fig. 8B ) and triceps muscle (Fig. 8C) . As expected, rhGAA uptake was more efficient in heart compared to triceps muscle in Gaa −/− mice (Fig. 8, B and C). GAA activity in tissues returned to baseline within~30 to 40 days after the last rhGAA infusion (Fig. 8, B and C) , with an estimated half-life of GAA in heart and triceps muscle of 5.85 and 2.03 days, respectively. We then compared the GAA activity achieved in heart and triceps with our candidate sp7-D8-coGAA transgene by liver gene therapy in Gaa −/− mice and NHPs (Figs. 2B and 7) to that measured in the same tissues of Gaa −/− mice after rhGAA (B) *P < 0.05 for co at 1 month compared to sp2-D8-co or sp7-D8-co at 1 month, and co at 1 month compared to co at 3 or 9 months.
treatment (Fig. 8, B and C) . The GAA activity in heart and triceps muscle measured 3 months after vector injection in Gaa −/− mice at the high vector dose (2 × 10 12 vg/kg) was similar to the GAA activity 1 to 3 days after the infusion of rhGAA. At the low vector dose (5 × 10 11 vg/kg), GAA activity in heart and triceps muscle measured 3 months after vector injection in Gaa −/− mice was similar to that measured in NHPs and equivalent to that measured in Gaa −/− mice~15 days after the infusion of high-dose rhGAA (Fig. 8, B and C) .
As improving liver transduction by the AAV vector would increase transgene expression and allow the use of lower vector doses, we packaged the hAAT-sp7-D8-coGAA transgene expression cassette in several different AAV serotypes and screened them in vitro using primary hepatocytes derived from NHPs (Fig. 8D ) and human donors (Fig. 8E) . We compared the AAV serotypes with AAV8, the best-characterized serotype for liver transduction in humans (11, 43) . Three serotypes-AAV3B (44), AAVLK03 (45) , and the newly developed serotype AAVNP59 (46)-showed improved transduction efficiency (Fig. 8, D and E), with AAVLK03 showing significantly higher transgene expression compared to AAV8 in human primary hepatocytes (*P < 0.05, AAVLK03 compared to AAV8; Fig. 8E ).
DISCUSSION
The high amounts of rhGAA enzyme required to correct the Pompe disease phenotype (47) and the immunogenicity of GAA (8) are important limitations of enzyme replacement therapy. A challenge for GAA gene therapy is that most of the protein traffics to lysosomes and is not secreted (32), potentially accounting for only partial efficacy in mouse models after in vivo (18, 26, 27, 48) and ex vivo gene therapy (49) . Here, we report therapeutic GAA transgene expression in the liver of a mouse model of Pompe disease, which resulted in the correction of glycogen accumulation in multiple tissues at AAV vector doses already tested in the clinic in the context of liver gene transfer trials (11) .
Gene delivery to muscle has been proposed as a treatment for Pompe disease (14) (15) (16) (17) (18) (19) . In the only gene therapy clinical trial performed so far, the diaphragm was directly targeted by intraparenchymal injection of an AAV1 vector encoding a GAA transgene (20, 21) . The localized treatment was well tolerated but only resulted in improvements in the targeted region (20, 21) , reflecting that achieving significant levels of transgene secretion in plasma by intramuscular vector delivery is challenging, as indicated by an early gene therapy clinical trial for hemophilia (50). Systemic delivery of AAV vectors has been tested in murine models of Pompe disease (15) . However, large-animal studies for other enzyme deficiency diseases indicate that greatly elevated vector doses (>10 14 vg/kg) are needed to correct neuromuscular deficits throughout the body (51, 52) . This poses important constraints in terms of both potential immunotoxicities (30) and vector manufacturing.
Here, low vector doses (5 × 10 11 vg/kg) of AAV8 vectors encoding for secretable GAA proteins resulted in clearance of glycogen in Gaa −/− mouse heart, with~50% reduction in glycogen in diaphragm, quadriceps, and triceps muscle. A fivefold increase in vector dose (2 × 10 12 vg/kg) resulted in glycogen clearance from all muscles 3 months after treatment with vectors encoding for both native and secretable GAA, demonstrating a clear dose response. Furthermore, longer follow-up of animals highlighted a time-dependent effect of GAA expression on therapeutic efficacy, with better clearance of glycogen in several tissues 10 months compared to 3 months after treatment. This indicates that not only the dose but also the time of continuous exposure to GAA are important for reversal of the Pompe phenotype.
Clearance of accumulated glycogen in different muscle types resulted in improved function and an increased survival of Pompe mice. Notably, mice were administered gene therapy at 4 months of age, when glycogen had already accumulated in all tissues (48, 53) and the animals were showing signs of cardiac hypertrophy and mild muscle weakness. In our experimental cohort, respiratory function in untreated Gaa −/− mice was not significantly impaired compared to Gaa +/+ healthy littermates, reflecting the fact that most Gaa −/− mice died and those left had a mild phenotype. Treatment with vector expressing the secretable sp7-D8-coGAA transgene resulted in a better respiratory performance when compared to animals treated with vectors expressing native GAA.
Analysis of muscle glycogen content in treated mice showed that there was a threshold of circulating GAA activity required for glycogen clearance. This threshold was lower for the heart than for diaphragm, quadriceps, and triceps muscles. In the spinal cord, whereas survival of motor neurons and neuroinflammation were improved by vectors encoding for both native and secretable GAA, normalization of astrogliosis required higher circulating GAA activity, which was obtained only with secretable GAA. A similar trend was observed in the accumulation of the autophagic marker p62, which was lower in animals with higher muscle GAA activity after treatment. These results are in agreement with data showing that the combination of enzyme replacement therapy with chaperones, leading to a longer half-life of the stabilized rhGAA protein, results in greater therapeutic efficacy (54) .
We found the GAA protein in both brain and spinal cord of the treated Gaa −/− mice. As with infused rhGAA, the GAA secreted by liver does not normally cross the BBB (6). However, as reported for other lysosomal enzymes, high circulating GAA may lead to leakage across the BBB (55) . Other mechanisms such as transport via exosomes (56) or lysosomal exocytosis at neuromuscular junctions potentially may also be involved (57) .
Another key feature of targeting the GAA transgene to liver is that GAA expression in hepatocytes results in induction of immunological tolerance (24) . This has been shown in Pompe disease mouse model (16, 25, 58, 59 ) and has been used to eradicate established immune responses to clotting factors in hemophilia B mouse and dog models (60, 61) . Our data show that secretable GAA proteins have a decreased immunogenicity profile compared to the native GAA protein when expressed not only in liver but also in muscle.
One possible limitation of our approach is related to the persistence of GAA expression after liver gene transfer in young pediatric patients with Pompe disease. Although no clinical data are available to date, results in neonatal mice suggest that, after AAV vector-mediated gene transfer, therapeutic efficacy is at least partially lost as the liver grows (34, 62) . Future clinical translation efforts will have to address transgene persistence in the liver of pediatric patients (34) and potentially the need for vector readministration (22, 63) . Nevertheless, the scale-up of our approach to NHPs supports the safety and feasibility of the approach in humans.
In conclusion, AAV liver gene transfer with engineered GAA resulted in therapeutic efficacy at low vector doses, reduced anti-GAA immune responses, and efficient secretion and uptake in a large-animal model. This bodes well for the future translation of this gene therapy approach for the treatment of Pompe disease.
MATERIALS AND METHODS

Study design
To evaluate the therapeutic effect of liver-mediated gene transfer for the treatment of Pompe disease, male Gaa knockout (Gaa −/− ) mice were injected intravenously with AAV vectors encoding for native or engineered GAA proteins at 4 months of age, when the animals showed already significant accumulation of glycogen in all tissues. Male healthy littermates expressing wild-type Gaa (Gaa +/+ ) were used as controls. Therapeutic readouts were tissue glycogen content, GAA enzyme activity, histological evaluation, and muscle and respiratory function analyses. Experimental groups were sized to allow for statistical analysis; all the animals were included in the analysis, and none of the outliers was excluded. Mice were assigned randomly to the experimental groups, and the operators who performed vector delivery and functional analyses were blinded to group identity.
In vivo studies
Mouse studies were performed according to the French and European legislation on animal care and experimentation (2010/63/EU) and approved by the local institutional ethical committee (protocol no. 2015-008). The mouse procedures involving the administration of rhGAA were performed at Duke University and approved by the local Institutional Animal Care and Use Committee. Gaa −/− mice were purchased from the Jackson Laboratory (B6;129-Gaatm1Rabn/J, stock no. 004154, 6neo) and were originally generated by Raben and colleagues (53) . AAV vectors were administered intravenously via the tail vein.
The kinetic of clearance of the GAA enzyme in heart and triceps was evaluated in 2-month-old Gaa −/− mice after two intravenous injections of rhGAA at 100 mg/kg 1 week apart. Groups of four to five mice were sacrificed 1, 3, 7, 14, 28, and 42 days after the second injection, and heart and triceps were analyzed for residual GAA activity.
For the NHP study, three AAV8 seronegative (64) male animals (M. fascicularis) were included in the study. Animals were housed and in vivo procedures were conducted at the Nantes-Atlantic National College of Veterinary Medicine, Food Science and Engineering (Oniris, Nantes, France). Animals were handled according to French and European legislation on animal care 2010/63/EU. The protocol was approved by the local institutional ethical committee (APAFIS#2651-2015110216583210v5). AAV vectors were administered by systemic injection into the saphenous vein of anesthetized animals. Vector was infused in a volume of 24 ml over the course of 1 hour. Two of the three animals received one intravenous infusion of rapamycin (2 mg/kg) the day of vector infusion.
As a baseline readout of GAA enzyme activity in tissues of wild-type NHPs, tissues from six control monkeys treated with an unrelated AAV vector were used. For plasma, baseline GAA activity from eight NHPs was averaged.
Statistical analysis
All the data shown in the present study are reported as means ± SD. The number of sampled units, n, upon which we reported statistic, is the single mouse for the in vivo experiments (one mouse is n = 1) and the single independent experiment for the in vitro studies using cell lines (one independent experiment is n = 1). GraphPad Prism 6 software (GraphPad Software) was used for statistical analyses. P < 0.05 was considered significant. For all the data sets, data were analyzed by parametric tests, a = 0.05 (one-and two-way ANOVA with Tukey's or Dunnett's post hoc correction and multiple t tests with Sidak-Bonferroni post hoc correction). Nonparametric tests were performed when only two groups were compared (unpaired t test). The survival of Gaa −/− mice was compared by Kaplan-Meier log-rank test. The statistical analysis performed for each data set is indicated in the figure legends. For all figures, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, except where different symbols were used.
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